Purpose To describe the rationale and methods for a prospective, open-cohort study assessing the long-term safety of Prolia ® for treatment of postmenopausal osteoporosis (PMO) in postmarketing settings. Methods Data will be derived from United States Medicare, United Healthcare, and Nordic (Denmark, Sweden, Norway) national registries. Observation will begin on the date of first Prolia ® regulatory approval (May 26, 2010) and continue for 10 years. Women with PMO will be identified by postmenopausal age, osteoporosis diagnosis, osteoporotic fracture, or osteoporosis treatment. Exposure to Prolia ® and bisphosphonates will be updated during follow-up; exposure cohorts will be defined based on patient-years during which patients are on-or post-treatment. Nine adverse events (AEs) will be assessed based on diagnosis codes: osteonecrosis of the jaw (ONJ), atypical femoral fracture (AFF), fracture healing complications, hypocalcemia, infection, dermatologic AEs, acute pancreatitis, hypersensitivity, and new primary malignancy. Medical review will confirm selected potential cases of ONJ and AFF. Incidence rates (IRs) of AEs will be described overall and for exposure cohorts; multivariate Cox proportional hazard regression models will compare IRs of AEs across exposure cohorts. Utilization patterns of Prolia ® for approved, and unapproved indications will be described. Conclusion This study is based on comprehensive preliminary research and considers methodological challenges specific to the study population. The integrated data systems used in this regulatory committed program can serve as a powerful data resource to assess diverse and rare AEs over time.
INTRODUCTION
Osteoporosis is a skeletal disorder characterized by low bone mass, bone tissue deterioration, disruption of bone architecture, and compromised bone strength, predisposing those affected to increased fracture risk. 1 Postmenopausal women are at particularly high risk with an estimated one in two women aged ≥50 years developing an osteoporotic fracture in her lifetime. 2 Such fractures, particularly hip fractures, are debilitating and can lead to diminished quality of life, disability, and death. 1 Worldwide prevalence of osteoporosis is approximately 200 million, 3 which will likely increase due to longer life expectancy and aging populations.
Denosumab (Amgen Inc., Thousand Oaks, CA, USA) is a fully human monoclonal antibody to RANK ligand (RANKL) that inhibits osteoclast formation, function, and survival, thereby decreasing bone resorption and increasing bone mass and strength. European Union, and other countries for the treatment of postmenopausal osteoporosis (PMO) in women at high or increased risk for fracture. Although several agents are approved for treatment and/or prevention of osteoporosis, Prolia ® represents a novel approach with its targeted inhibition of RANKL. 4 In 2007, the Food and Drug Administration (FDA) Amendment Act granted the FDA new authority to strengthen safety programs for marketed drugs. In this new regulatory environment, there is intense interest in pharmacoepidemiologic studies using large healthcare databases. During review of the Prolia ® Marketing Authorization Application, regulatory authorities raised potential or theoretical safety considerations based on mechanism of action, biological plausibility, clinical trial evidence, and/or findings from studies of other antiresorptive agents (potential 'class' effects).
Amgen Inc. therefore proactively developed a comprehensive risk management plan with FDA input. Here we describe the design of one component of this plan: a prospective, multi-national, 10-year, opencohort study using existing data systems to assess the long-term safety of Prolia ® for the treatment of PMO. Study objectives are to (i) describe characteristics of women with PMO; (ii) estimate incidence rates (IRs) of specific adverse events (AEs) among women with PMO; (iii) compare IRs of specific AEs among women treated with Prolia ® versus a bisphosphonate (the most commonly used osteoporosis medication); and (iv) describe Prolia ® utilization patterns for approved and unapproved indications.
DESIGN AND RESEARCH PLAN
This prospective cohort study is based on data accumulated over 10 years following the date of first regulatory approval for Prolia ® , May 26, 2010. Data sources include US Medicare, United Healthcare, and national healthcare registries from Denmark, Sweden, and Norway ('Nordic national registries').
Data sources
Data system selection was based on several considerations: the number of expected Prolia ® users had to be large enough to enable informative analyses of rare events; available diagnosis, procedure, and medication codes needed to reliably identify women with PMO, medication exposures, comorbidities, and specific AEs; long-term follow-up had to be sufficient to minimize potential selection bias from subject attrition and detect AEs with long induction or latency periods; access to medical charts was preferred to verify AE occurrence; and study populations had to be representative of the source populations. Thus, data systems were chosen to complement each system's strengths and limitations. Investigators from each system obtained approval from their respective Internal Review Board or Ethics Committee.
US Medicare is a nationally representative, population-based, federal health plan primarily for Americans ≥65 years of age. A large number of women at high risk of osteoporotic fracture would be expected. Patient information is documented from initial enrollment until death or subsequent loss of full Medicare coverage. Loss to follow-up is low, though data may be incomplete for beneficiaries switching from fee-for-service coverage to Medicare Advantage. Medical records can be retrieved from consenting beneficiaries or providers to confirm specific AEs. Approximately 20.6 million women receive pharmacy benefits through Medicare D which can be linked to institutional (Part A) and non-institutional (Part B) claims. As the largest data system, Medicare will provide >80% of the total study sample size. The time lag for data availability is approximately 24 months. Prolia ® is covered mainly by Medicare Part B rather than Part D, allowing reimbursement for drug administered according to the US label.
United Healthcare is an operating division of UnitedHealth Group, the largest private health carrier in the US. 5 Administrative databases include claims submitted by health care professionals for covered services, and patient enrollment and provider data. Data are relatively complete for billable medical transactions paid by United Healthcare; claims paid by Medicare for patients with Medicare supplemental coverage are not available. Pharmacy claims data are available within six weeks of claim submission, and 95% of paid medical claims are collected and adjudicated within six to nine months, the shortest time lag between data collection and availability among the three study data systems. Prolia ® is covered under medical benefit with varying co-pays governed by medical policies consistent with the US product label.
Medical care in Denmark, Sweden, and Norway is provided as part of national health systems. These national healthcare registries, through a system of interlinked databases, collect a broad spectrum of data on all citizens beginning at birth including medical records, hospitalizations, prescriptions, laboratory and pathology results, electronic radiographs, death certificates, and socioeconomic data. Data are collected until death or emigration, providing virtually complete follow-up. The time lag for data availability is approximately 24 months. In each country, Prolia ® is prescribed f. xue et al.
for postmenopausal women with documented osteoporosis after first trying generic medication.
Patient selection criteria
Women with PMO between May 26, 2010 and May 25, 2020 will be identified according to the following algorithm: postmenopausal age (≥65 years in US Medicare or ≥55 years in other data systems) and diagnostic codes indicating osteoporosis or osteoporotic fracture and/or medication codes indicating PMO treatment.
The validity of diagnosis codes and treatment codes to identify women with osteoporosis were explored by Lix et al. 6 , in which sensitivity of a similar algorithm was approximately 70-80% and specificity was approximately 70%. Women must be continuously enrolled for ≥12 months in the insurance claims data systems. In Medicare, patients must be enrolled in Parts A, B, and D but not Medicare Advantage; patients must have complete pharmacy and medical coverage in United Healthcare. The patient's study index date is the date when both the PMO algorithm and 12-month continuous enrollment criterion are satisfied. To eliminate patients who might receive osteoporosis medications for other indications, women diagnosed with Paget's disease of the bone or malignancy (excluding non-melanoma skin cancer) or who received chemotherapy, hormonal therapy, or radiation therapy for cancer 12-months before the index date (study baseline period) will be excluded. The exclusion of prevalent cancer patients minimizes potential confounding by malignancy and potentially increases the specificity of identifying Prolia ® -treated patients by avoiding inclusion of XGEVA ® -treated patients (denosumab 120 mg subcutaneously every four weeks), indicated for the prevention of skeletalrelated events in patients with bone metastases.
Exposure assessment and cohorts

Prolia
® and bisphosphonate (oral or intravenous [IV]) exposure will be identified based on medication codes. Before assignment of denosumab-specific HCPCS codes (C9272: injection denosumab 1 mg, assigned October 1, 2010; J0897: injection denosumab 1 mg, assigned January 1, 2012), nonspecific HCPCS codes (J3490: drugs unclassified injection; J3590: unclassified biologic) were used by providers seeking reimbursement. These nonspecific codes will be used along with diagnostic codes, costs, and units administered associated with claims to identify Prolia ® exposure before the adoption of specific codes. There was no delay in assigning denosumab-specific NDC, ATC, or treatment codes.
Bisphosphonate Separate assessment of exposure to oral versus IV bisphosphonates will be performed in US Medicare, United Healthcare, and Norwegian registries where these treatments can be distinguished. To avoid including patients receiving bisphosphonate for conditions such as Paget's disease of the bone or cancer, patients receiving bisphosphonates with dosages indicated for those conditions will be excluded. Other osteoporosis medications will be assessed by codes indicating prescription of calcitonin, teriparatide, or raloxifene.
Exposure cohorts are defined based on accumulated person-years (PYs) of Prolia ® or bisphosphonate (oral or IV) exposure.
On-treatment and post-treatment periods
Patients will be considered on-treatment for medication if time between the current and subsequent medication administration or prescription fill/refill is less than or equal to the medication days supplied plus 60 days. Otherwise, on-treatment periods will stop at the end of days supplied plus 60 days. The post-treatment period is defined as the time immediately following the on-treatment period until the earliest of end of followup or new prescription of the same medication.
Patient follow-up
Follow-up begins at a patient's index date and continues until the earliest of disenrollment from the data system; death; diagnosis of Paget's disease of the bone or malignancy (excluding non-melanoma skin cancer); treatment with chemotherapy, hormonal therapy, or radiation therapy for cancer; or end of study. When assessing AE incidence, patients will be censored at occurrence of the corresponding AE. For events that may recur (infection, dermatologic AEs, hypersensitivity, and hypocalcemia), repeated occurrences will also be assessed. Follow-up time will be divided into mutually exclusive on-or post-treatment periods within Prolia ® only, bisphosphonate only (oral and/or IV), and both prolia ® pharmacoepidemiology study methods 1109 Prolia ® -and bisphosphonate-exposure cohorts. A patient who discontinues and reinitiates treatment or changes medication over time will contribute multiple segments of PYs to the same or different exposure cohorts.
Time at risk for AEs of interest
Time at risk for specific AEs within exposure cohorts will be defined based on putative relationships between Prolia ® and/or bisphosphonate exposure and specific AEs. Time at risk will be defined as the on-treatment period for some AEs and as the on-treatment plus post-treatment period for other AEs. Post-treatment period lengths are based on an etiologically relevant period for the specific exposure and AE. Figure 1 shows an example of classification of time at risk for a patient receiving one bisphosphonate dose before one Prolia ® dose.
Outcome assessment
AEs of interest were based on clinical study findings or theoretical concerns suggested by Prolia's ® mechanism of action. AEs (and specific subtypes) include: osteonecrosis of the jaw (ONJ); atypical femoral fracture (AFF) 7 For all AEs, occurrence of incident events will be assessed. As infection, dermatologic AEs, hypersensitivity, and hypocalcemia may recur, repeated occurrences will also be assessed. AEs will be identified using case ascertainment algorithms incorporating diagnosis codes and, for some AEs, medication codes. Comprehensive literature reviews provided important information concerning development, validation, and use of algorithms ascertaining AEs in the same or similar data systems as those in our study: ONJ, 8 AFF, 9 serious infections, [10] [11] [12] dermatological AEs, 13, 14 hypersensitivity, 15 malignancy, 16, 17 and pancreatitis. [18] [19] [20] For example, the positive predictive value of the ascertainment algorithm for serious infection was >80%.
10-12
At the time of study design, algorithm validation results were not available for AFF or hypocalcemia Figure 1 . Example of the classification of time at risk based on the on-treatment and post-treatment period for a patient receiving one dose of a bisphosphonate before receiving one dose of Prolia ® and were not well described for ONJ and fracture healing complications. Also, compared with the comprehensive list of conditions included in our definition of dermatologic events and hypersensitivity, validation results were available for only a small subset of severe conditions, such as erythema multiforme 13, 14 and anaphylactic shock. 15 Ongoing research is focusing on the development or refinement of ascertainment algorithms where gaps in the literature exist. Because of limitations of ICD-based algorithms identifying true cases of ONJ and AFF, all cases of Prolia ® -exposed, and a sample of bisphosphonate-exposed patients with diagnoses suggestive of ONJ and AFF for whom medical records can be retrieved will be confirmed by medical record or radiograph review where feasible (Medicare, Central and North Denmark Regions, and Sweden for ONJ; Central and North Denmark Regions for AFF).
Covariate assessment
Covariates to be considered include demographics, osteoporosis severity reflected by fragility fracture or use of osteoporosis medications, overall health status (e.g. Charlson comorbidity index), health seeking behaviors (e.g. health resource utilization), and AE-specific risk factors. Covariates will be assessed during the 12-month study baseline period and re-evaluated as time-dependent covariates during the 12-month period before entry to each exposure cohort (exposure cohort baseline period). Once identified, chronic conditions (e.g. renal failure, diabetes) will be considered present throughout the remaining study follow-up period.
Statistical considerations
Study size. The estimated PYs of Prolia ® exposure were calculated based on the expected number of women with PMO and the proportion of Prolia ® users among them. It was assumed that 50% of PMO women would receive osteoporosis medication 21, 22 with 5% (2.5% in the year after launch) being treated with Prolia ® after stabilization of Prolia ® uptake. Assuming that the number of women with PMO remains stable over time, the overall PYs of Prolia ® exposure was estimated to be 575 462 during 10 years postapproval including 475 000 from Medicare; 19 712 from United Healthcare; 21 850 from Denmark; 37 050 from Sweden; and 21 850 from Norway.
Using Fisher's two-sided exact test with α = 0.05, 23 and based on a ratio of 10:1 between comparatorand Prolia ® -exposed cohorts, analyses in Medicare will have over 90% power to detect a relative risk of ≥2 for AEs with a background IR of ≥7 per 100 000 PYs including all AEs except ONJ and AFF. Medicarebased analyses will have appreciable power to detect moderately elevated relative risks for rarer AEs (e.g. >80% power to detect a relative risk of ≥4 for ONJ [1 per 100 000 PYs]). 24 United Healthcare-based analyses, which have the smallest sample size, will have >90% power to detect a relative risk of ≥2 for AEs with a background IR of ≥130 per 100 000 PYs including fracture healing complications, infection, dermatologic AEs, pancreatitis, hypersensitivity, and malignancy.
Description of patients with PMO. Patient characteristics, including AE risk factors assessed over the study baseline period, will be described for PMO women overall and by osteoporosis treatment received on the patient's study index date (no treatment or treatment with Prolia ® or bisphosphonate). PYs of followup in women with PMO overall and in each exposure cohort will be described by covariates assessed both during the study baseline period and each exposure cohort baseline period.
Estimation of AE IRs and event rates. The IR and 95% confidence interval for each AE will be calculated for PMO women overall and for each exposure cohort.
To avoid inclusion of potentially prevalent cases of ONJ, AFF, fracture healing complications, new primary malignancy and acute pancreatitis, patients diagnosed with the same or similar condition (e.g. pancreatic disease when assessing pancreatitis) during the study baseline period will be excluded when estimating the corresponding IR.
For each AE, IR and event rate analyses will be conducted based on time at risk defined by the ontreatment period (Prolia ® only, bisphosphonates only, and both Prolia ® and bisphosphonates). For events which may recur (e.g. infection, dermatologic AEs, hypersensitivity, and hypocalcemia), time at risk is not censored at first AE occurrence, and event rates will be assessed over all occurrences of that AE. For selected AEs, additional analyses will be conducted based on time at risk including the on-treatment period through the first year (i.e. ONJ, AFFs, and fracture healing complications) or five years (i.e. new primary malignancy) of the post-treatment period (Table 1) .
Analyses stratified by cumulative doses of prior bisphosphonate treatments will be conducted to explore the effect of long-term bisphosphonate exposure on the risk of ONJ, AFF, fracture healing complication, and new primary malignancy. prolia ® pharmacoepidemiology study methods 1111
Comparison of AE IRs. Multivariate Cox proportional hazard regression models will be used to estimate IR ratios for all AEs comparing the Prolia ® exposure cohort with a comparable bisphosphonate exposure cohort, adjusting for potential confounders assessed during the study baseline period and updated during the exposure cohort baseline periods. Anderson-Gill or Poisson regression models will be used to estimate adjusted AE event rates for which multiple occurrences are allowed. Similar to estimation of IRs, the comparison of AE IRs will follow the same specifications related to time at risk, event type, exclusion of prevalent cases, and sub-group analyses ( Table 1) .
Description of Prolia
® utilization patterns for PMO. Descriptive statistics will be used to characterize frequency of Prolia ® administration, length of utilization, and the proportion of treated women who initiate therapy, discontinue therapy, or switch to another osteoporosis medication.
Sensitivity analyses. Robustness of effect estimates will be assessed in sensitivity analyses varying length of time at risk and length of study baseline period. To better understand the risk of dermatologic AEs, hypersensitivity, and hypocalcemia associated with denosumab treatment initiation, the monthly cumulative IRs in the first six months following initial treatment will be calculated.
Analysis of Prolia
® utilization patterns for unapproved indications. Analyses describing the utilization pattern of Prolia ® (denosumab 60 mg subcutaneously every six months) for unapproved indications will be performed at the patient and administration level among all patients receiving Prolia ® without applying other study eligibility criteria.
Prolia
® administrations will be classified as an approved or unapproved indication per the label based on patients' age and gender, Prolia ® dose and intervals between doses, and received diagnosis. The frequency and proportion of Prolia ® treatment for unapproved indications will be summarized. Prolia ® utilization for unapproved indications will be described with respect to demographics, clinical characteristics, and the potential indication.
Reporting of results. Interim analyses will be performed annually to describe patient accrual, patient characteristics, Prolia ® utilization patterns, and rates of specific AEs. A final analysis addressing all objectives for all AEs will be performed following the 10 year data collection period. Analyses assessing the effect of Prolia ® on common events may be conducted before end of study if data are sufficient to permit adequate statistical power. All analyses will be conducted independently in each data system by data system investigators according to a common protocol and statistical analysis plan adapted to leverage the unique features of each data system. A meta-analysis based on study-level summary statistics may be considered if significant heterogeneity of study results across data systems is not observed.
DISCUSSION
Several design, methodological, and analytical issues were considered due to challenges specific to the study population and exposures and outcomes of interest. First, use of administrative data was more feasible than a prospective registry due to the need for a large population to assess rare AEs. Second, identification of PMO, an under-diagnosed and under-treated condition, 1 was based on both diagnosis of osteoporosis/ 25 which mitigates biases associated with previous treatments, if adopted, will be based on a very small number of patients. Also, patients with osteoporosis tend to switch treatments over time, so an open-cohort design combined with an 'as treated' analysis was selected to account for time-varying medication exposure. Finally, to facilitate analyses of outcomes with various lengths of induction or latency periods, time at risk could either be limited to on-treatment periods or could include both on-and post-treatment periods. Despite comprehensive feasibility assessments conducted to inform study design, emerging challenges are anticipated over the 10-year study period due to changes in data availability, number of patients receiving Prolia ® , physician practice patterns, coding practices and systems, and evolving epidemiological and statistical methodologies. Therefore, study protocol and statistical plan amendments may be necessary.
Our study has several limitations. First, in these administrative data systems, study exposure, outcomes, and covariates are based on diagnosis, medication, and procedure codes, which may not reliably identify the intended variables. For instance, drug dispensations during hospitalization may not be fully captured. To reduce potential misclassification, ongoing research will validate and may refine study algorithms. Second, as potential confounding variables such as anthropometric factors, life style factors, and clinical measures of disease severity may not be captured, residual confounding may be present. Third, results from feasibility assessments suggested variations in the prevalence of baseline covariates and AE IRs across data systems that are likely due to differences in patient populations and data capture methodology. However, since analyses will be performed within each data system, such differences are not expected to bias effect estimates. Fourth, since our approach adjusts for time-varying covariates in an as-treated analysis, time-varying confounding is possible if an updated variable is influenced by previous treatments and confounds the association between subsequent treatment and an AE. This possibility will be carefully evaluated and use of methods such as marginal structural modeling may address this issue. Finally, modification of analytic plans or additional approaches such as new data linkages or ancillary studies may need to be considered given possible changes in the external environment or emergence of new safety signals over the 10-year study period. Ensuring transparency between the study sponsor, study investigators, and regulatory agencies will be crucial to obtaining study results that accurately characterize the long-term safety of Prolia ® when used in clinical practice settings. We posit that this study, within the context of the Prolia ® postmarketing risk assessment program, is appropriate to assess long-term Prolia ® safety. The integrated data systems used in this regulatory committed pharmacovigilance program can serve as a powerful data resource to assess diverse and rare AEs over time.
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KEY POINTS
• Although several agents have been approved by regulatory agencies for the treatment and/or prevention of osteoporosis, Prolia ® (denosumab) represents a novel approach to the treatment of bone loss with its targeted inhibition of RANK ligand.
• A comprehensive pharmacovigilance plan for denosumab was developed with input from FDA commensurate to mechanism of action, biological plausibility, clinical trial evidence, and/ or findings from studies of other antiresorptive agents (potential 'class' effects).
• This is a prospective multi-national, 10-year, open-cohort study using existing data systems to assess the long-term safety of denosumab for the treatment of postmenopausal osteoporosis (PMO).
• This study employs a rigorous methodology to identify women with PMO and assess adverse events (AEs) of interest associated with the use of denosumab for treatment of PMO within the context of a postmarketing pharmacoepidemiology study.
• The integrated data systems used in this regulatorycommitted pharmacovigilance program can serve as a powerful data resource to assess diverse and rare AEs over time.
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